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At the molecular level, our knowledge of the low voltage-activated
Ca21 channel (T-type) has made little progress. Using an anti-
sense strategy, we investigated the possibility that the T-type
channels have a structure similar to high voltage-activated Ca21

channels. It is assumed that high voltage-activated channels are
made of at least three components: a pore forming a1 subunit
combined with a cytoplasmic modulatory b subunit and a primar-
ily extracellular a2d subunit. We have examined the effect of trans-
fecting cranial primary sensory neurons with generic anti-b anti-

sense oligonucleotides. We show that in this cell type, blocking
expression of all known b gene products does not affect T-type
current, although it greatly decreases the current amplitude of high
voltage-activated channels and modifies their voltage depen-
dence. This suggests that b subunits are likely not constitutive of
T-type Ca21 channels in this cell type.
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The low voltage-activated Ca21 (LVA or T-type) currents have
been the focus of a great deal of interest. Because they are
activated above the resting potential of the membrane, they are
assumed to boost synaptic signals and to be responsible for the
generation of repetitive firing activity or intrinsic neuronal oscil-
lations and of most for the Ca 21 entry accompanying the spike
activity (for review, see Huguenard, 1996). The structure of the
Ca21 channels generating the various LVA currents is still un-
known. Because of recent progress in the knowledge of the
molecular structure of the high voltage-activated (HVA) Ca21

channels, it is now possible to determine whether T-type channels
are formed by a particular combination of already identified
subunits or more generally whether they are structurally similar to
hetero-oligomeric HVA Ca21 channels (Perez-Reyes and
Schneider, 1994; De Waard et al., 1996).

The precise structures of all neuronal channels underlying
the various HVA Ca 21 currents have not been unambiguously
established, but it is generally assumed that these channels are
formed from at least four constitutive subunits: a1(A, B, C, D, or E),
b (1, 2, 3, or 4), a2 , and d (Takahashi et al., 1987; Witcher et al.,
1993). The last two are cross-linked by a disulfide bridge and arise
from the same precursor. Although the distinct biophysical and
pharmacological properties of each channel are imposed primar-
ily by the corresponding pore-forming a1 subunit, further diver-
sity is introduced by the ancillary subunits (mainly the b subunits)
associated with the channel. The b subunit, which is entirely

cytoplasmic, has been shown to increase the peak current ampli-
tude, to shift activation/inactivation curves toward more hyper-
polarized potentials, and to alter kinetics of activation and inac-
tivation (Mikami et al., 1989; Wei et al., 1991; Perez-Reyes et al.,
1992; Castellano et al., 1993a,b; Stea et al., 1993; Tomlinson et al.,
1993; De Waard and Campbell, 1995; Bourinet et al., 1996).
Because a single a2d gene is expressed in neurons, no major
diversity is likely to arise from this latter subunit, which increases
the current generated by any a1 subunit and potentiates the
stimulatory response of b subunits (Brust et al., 1993; Shistik et
al., 1995; Wei et al., 1995; Gurnett et al., 1996).

T-type currents do not differ fundamentally from other Ca21

currents. Like HVA Ca21 channels, T-type channels are selec-
tively permeable to divalent cations, provided that a minimal
concentration of divalent cations is present in the external me-
dium. For LVA currents, this minimal Ca 21 concentration is 25
mM (Lux et al., 1990), and for HVA currents it is 1 mM (Kostyuk
et al., 1983; Almers and McCleskey, 1984; Hess and Tsien, 1984).
The T-type current saturates with a KD of ;10 mM Ca21 (Bossu
et al., 1985), similar to the value (15 mM) reported for HVA
currents (Hess et al., 1986; De Waard et al., 1995). The corre-
sponding channels differ in their relative permeability to divalent
cations. HVA channels are characteristically more permeable to
Ba21 than to Ca21, with an anomalous molar fraction effect when
the channel conductance is examined under bi-ionic (Ca 21 and
Ba21) conditions (Hess et al., 1986; Armstrong and Neyton, 1992;
but also see Yue and Marban, 1990). T-type channels are equally
or slightly less permeable to Ba21 than to Ca21 (Bossu et al.,
1985; Bossu and Feltz, 1986; Carbone and Lux, 1987). T-type
channels can also be characterized by their slower activation/
inactivation and deactivation kinetics and their relatively higher
sensitivity to Ni21 (Carbone and Lux, 1984; Nowycky et al., 1985;
Carbone and Lux, 1987; Carbone et al., 1987). Thus, in spite of
the differences between LVA and HVA Ca21 currents, their
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properties are close enough to suggest that T-type channels may
belong to the same channel family as HVA channels and may
have a similar molecular structure. Therefore, it is important to
determine whether b subunits are a likely component of these
channels by contributing to T-type current properties and thereby
increasing their diversity. Here, using an antisense strategy (Lam-
bert et al., 1996) in cranial sensory neurons, we show that block-
ade of b subunit synthesis greatly modifies HVA currents but
does not alter the characteristics of the T-type current recorded
in these cells. The data suggest that b subunits are not a compo-
nent of the T-type channels present in cranial sensory neurons.

MATERIALS AND METHODS
Cell culture and transfection. A detailed dissociation procedure has been
described previously (Bossu et al., 1985). Briefly, desheathed nodosus
ganglia were mechanically dissociated after a 30 min enzymatic treat-
ment at 37°C in a solution containing 1 mg/ml dispase (Boehringer
Mannheim, Indianapolis, IN) and 1 mg/ml type IV collagenase (Sigma,
St. Louis, MO). Dissociated cells were plated on collagen-coated petri
dishes and allowed to develop in L15 medium for 12 hr before a 4 hr
exposure to 4.10 24 M fluorodeoxyuridine (Sigma) to prevent excessive
glial growth over the 8 d required to carry out the full experiment. Three
days after plating, cells were transfected by a recently reported procedure
(Lambert et al., 1996) using polyethylenimine (50 kDa PEI; Sigma) as the
transfecting agent. Cells were exposed for 4 hr to a 300 nM 59-fluorescent
generic anti-b antisense oligonucleotide (ON) (see sequence in Fig. 3B)
or a 59-fluorescent scrambled ON (59-ACCTCGCATCCCTAGCAC-
CACTGATT-39). All ONs have phosphorothioate linkages in all posi-
tions. PEI was added to reach a ratio of PEI nitrogen per DNA phosphate
equal to 10.

Electrophysiology. Transfected cells were identified by the fluorescence
of their nucleus by conventional fluorescence microscopy. Currents were
recorded using an Axopatch 200A amplifier and pClamp6 software
(Axon Instruments, Foster City, CA) in the whole-cell configuration of
the patch-clamp technique. Current traces were obtained using a sam-
pling frequency of 10 kHz and were analyzed after filtering at 1 kHz with
a digital Gaussian filter. To separate the low and high threshold-activated
Ca 21 currents optimally, 10 mM Ca 21 as divalent ions was added to the
bath solution otherwise containing (in mM): trichloroacetate 110,
HEPES 10, and tetraethylammonium chloride 10, adjusted to pH 7.4
with Tris-base. Pipette solution imposed an intracellular medium con-
taining (in mM): HEPES 95, CaCl2 3, EGTA 30, NaCl 5, MgATP 1, and
GTP 0.2, adjusted to pH 7.2 with CsOH. Cell capacitance was estimated
by applying 5 mV hyperpolarizing steps from a holding potential of 280
mV. Capacitance was estimated from the time constant of the decay
phase of the evoked transient (sampled at 100 kHz). This transient
allowed also a precise determination of the access resistance indicating
mean value of 14.3 6 0.4 MV (n 5 88). Compensation of the cell
capacitance and series resistance was above 70%. In each cell, current
density was measured by constructing several I–V curves, with successive
200 msec depolarizing steps ranging from 260 to 50 mV from a holding
potential of 280 mV and an increment of 5 mV. Data reported are
mean 6 SEM.

Immunocytology. Expression of endogenous Ca 21 channels in nodosus
ganglion neurons was assessed by immunofluorescence using a panel of
subtype-specific polyclonal antisera to a1 and b subunits. Three poly-
clonal antisera specific for human a1A , a1B , and a1E prepared in rabbits
against unique sequences present in the cytoplasmic loop between IIS6
and IIIS1 (Volsen et al., 1995) were used. In addition, an anti-a1C rat
polyclonal antibody directed against the C-terminal region of the rat
protein was used. To assess b subunit expression, four polyclonal antisera
specific for human b1 , b2 , b3 , and b4 were used. The preparation and
detailed characterization of these reagents is described elsewhere (Vol-
sen et al., 1997).

Glutathione-S-transferase (GST) fusion proteins were prepared
against amino acid sequences comprising the C terminus of each b
subunit. For b2 , b3 , and b4 subunits, class-specific immunogens were
selected to encode a sequence conserved between splice variants. For the
b1 subunit, the polypeptide immunogen was designed from the sequence
of the b1b splice variant. All b antisera were extensively purified and
characterized. Briefly, the immunoglobulin fraction from each serum was
purified by protein A-Sepharose chromatography. This was followed by
immunoaffinity purification with the relevant fusion protein. Cross-

reactivity was monitored by ELISA, and any observed cross-reactivity
was removed using additional immunoaffinity columns. Finally, specific-
ity was verified by immunofluorescent staining of human epithelial kid-
ney cell (HEK 293) stably transfected with constructs of human a1 , a2d,
and b subunits and untransfected HEK as negative controls and by
Western blot analysis.

Immunofluorescence characterization was performed on neurons
maintained in culture and fixed at the indicated day by direct application
of 4% paraformaldehyde in PBS for 20 min. After washing in PBS the
fixed neurons were then permeabilized with freshly prepared 10% v/v
acetic acid in ethanol at 220°C for 20 min. One wash with PBS was
followed by the addition of a blocking buffer (10% v/v goat serum/PBS)
for 30 min. This blocking buffer was used as a diluent and wash solution
for all subsequent steps. Primary antibodies were applied at the appro-
priate concentration (a1A, B, E at 4 mg/ml; b1–4 and a1C at 10 mg/ml) and
incubated for 1 hr at room temperature. After washing, a FITC-
conjugated goat anti-rabbit IgG (Southern Biotechnologies, Birmingham,
AL) was applied, and it was incubated in the dark for an additional hour.
After further washing, the coverslip was mounted on a slide and exam-
ined by fluorescence microscopy.

In vitro transcription/translation experiments and ON-induced inhibition.
The 35S-labeled b subunits were synthesized by coupled in vitro transcrip-
tion and translation using the TNT system from Promega (Madison,
WI). Four different cDNA plasmids were used that encoded the rat b1b
and b4 (GenBank accession numbers X61394 and L02315) and rabbit b2a
and b3 (X64297, M88751). The reactions were conducted at 30°C for 2 hr
under various conditions: with RNase H (Promega) at 0.1 U/ml with or
without 300 nM ON (scrambled or anti-b antisense). Samples (2 ml) of the
final products were analyzed on 9% SDS-polyacrylamide gels. Gels were
then dried and exposed overnight to films (Kodak X-Omat AR). Binding
of the in vitro translated 35S-labeled b subunits to the a1 interaction
domain of the a1C subunit (AID) GST- or to control GST-fusion pro-
teins was performed as described previously (De Waard et al., 1995).
Briefly, 1 mM control GST or AID–GST fusion protein was coupled to
glutathione beads and incubated overnight with 2 ml of translated 35S-
labeled b subunits at 4°C. The beads were then washed four times with
PBS, and the radioactivity was determined by b counting. Specific bind-
ing was calculated by subtracting binding to GST from binding to AID–
GST. Reduction in b subunits synthesis induced by the antisense ON was
determined by calculating the percentage reduction in specific binding of
35S-labeled b subunits to AID–GST.

RESULTS
Ca21 currents in nodosus ganglion neurons
As illustrated in Figure 1A, rat nodosus ganglion neurons with an
LVA Ca 21 current can be easily identified by their large size. In
these cells, depolarizing steps ranging from 260 to 215 mV from
a holding potential of 280 mV elicit a transient (T-type) current,
whereas depolarizations to higher potentials evoke a maintained
(HVA) current (Fig. 1B). As shown previously in this prepara-
tion (Bossu et al., 1985), the LVA current is generated by a single
channel population. The T-type current density was fairly con-
stant over the 9 d in vitro (see Fig. 4B) that we examined, and its
mean value was 212.0 6 0.8 pA/pF (n 5 45) at 215mV. This
channel inactivates with time and membrane potential (Bossu and
Feltz, 1986). Its activation curve and hence its I–V relationship
can be fitted by a Boltzmann equation with a voltage for half
activation of 229.2 6 1.1 mV (n 5 44) (Fig. 1C). In contrast, the
HVA current is of composite origin. Ca21 currents subtypes are
probably similar in nodosus ganglion neurons and in primary
sensory neurons of dorsal root ganglion (Mintz et al., 1992), with
N-, P/Q-, and L-type components. These various components
activate differentially at distinct potentials with specific kinetics,
and the respective steady-state inactivations occur at different
potentials with a pronounced sensitivity to cytoplasmic Ca21

concentration (not illustrated). Although theoretically unsound,
however, the Boltzmann equation was used to describe the com-
posite HVA current for phenomenological purposes. Using such
a fitting procedure with two Boltzmann equations (Fig. 1C), we
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show that under our recording conditions the LVA and HVA
currents can be recorded almost in isolation. At 215 mV, the
current recorded is only T-type, and its amplitude is close to its
peak value.

Immunocytochemical identification of b subunits
present in nodosus ganglion neurons
As expected from neurons with a composite HVA Ca 21 current,
the various a1A–E subunits could be demonstrated immunocyto-
logically, and all subtypes are present on the soma (Fig. 2);
however, images obtained with the various specific b subunit
antibodies were more contrasted. A very clear immunoreactivity
indicative of a synthesis of b2 and b3 subunits was observed, but
only a faint labeling with the anti-b4 antibody and no reactivity
for b1 subunits were obtained. Interestingly, the a1E and b4

subunits are confined to small-diameter neurons, in which no
T-type current has been recorded.

Efficiency of the anti-b antisense oligonucleotides to
block synthesis of the b subunits in vitro
To test whether b subunits contribute to the definition of the
T-type current properties using antisense ONs, we had to show
that the antisense ONs could block the synthesis of all three b
subunits that are detected in these cells by immunocytochemistry.
In previous studies, an anti-b antisense ON has been shown to
specifically affect Ca21 currents in various neuronal types (Lam-
bert et al., 1996) and to dramatically decrease the anti-b antibody
staining of dorsal root ganglion neurons (Berrow et al., 1995);
however, although the sequence of the anti-b antisense ON was
optimized to hybridize with the mRNA of every b subunit sub-
type, some nucleotide mismatches are unavoidable (Fig. 3B).
Therefore, the ability of this ON to suppress the translation of
various b subunit isoforms was tested in vitro. The obtained data
demonstrate that the addition of RNase H to an in vitro transcrip-
tion/translation of b1b , b2a , b3 , and b4 has itself little effect on the
synthesis of these various b subunits (Fig. 3C); however, the
addition of the antisense ON almost totally abolishes the synthe-
sis of all four b subunits. This inhibition was quantified by the
binding of the various in vitro translation products to a protein
corresponding to the AID, a region of the a1 subunit that is
essential for the b subunit anchoring (De Waard et al., 1995). The
inhibition was of the order of 96 (b3) to 100% (b2), as determined
by the reduction in AID sequence binding (data not shown). In
contrast, an ON with the same composition but with a scrambled
sequence (scrambled ON; see sequence in Materials and Meth-
ods) had little or no effect on the synthesis of full length b
subunits able to bind the AID peptide. These results demonstrate
that in spite of some sequence mismatches, the antisense ON
efficiently represses the synthesis of several, and probably all, b
subunits.

Blockade of synthesis of b subunits
and characteristics of the Ca21 currents
To test the effect of b subunit suppression on T-type current
characteristics, nodosus ganglion neurons were transfected with
anti-b antisense ON coupled with fluorescein. In every experi-
ment, controls were neurons from the same batch of cultures that
were transfected by the scrambled fluorescein-conjugated ONs. In
this way, the effect of a nonspecific ON transfection on the
membrane properties of the neurons was assessed. Transfected
neurons were identified by their fluorescent nuclei.

As expected, a clear reduction of HVA Ca 21 currents was
observed in anti-b antisense ON transfected neurons, and this

Figure 1. T-type Ca 21 current characteristics in sensory neurons of the
nodosus ganglion. A, The histogram shows the number of neurons as a
function of their capacitance (class width: 5 pF) in which a T-type current
was present (black bars) or absent (white bars). Note that LVA currents
were observed in most neurons with a capacitance above 20 pF; 108 cells
were recorded to construct this histogram, and every cell had an HVA
Ca 21 current. B, Depolarizing steps (200 msec) to 215 mV and 130 mV
from a holding potential of 280 mV yield a transient and a maintained
current, respectively. C, Current–voltage relationship of the Ca 21 cur-
rent. Note the quite distinct LVA and HVA components and that at 215
mV T-type current is recorded in isolation. A sum of two Boltzmann
functions (I 5 G (V 2 E)/(1 1 exp[ 2 (V 2 V1/2 )/k]) was used to describe
this I–V curve (fit obtained with no constraint; E 5 71.4 mV; G 5 4.6 and
20.8; k 5 6.7 and 2.6 for the first and second Boltzmann function,
respectively). Corresponding fits are shown as thin lines. Voltage for half
activation (V1/2 ) of the T-type current was 232 mV and 19 mV for the
HVA currents. Same cell as in B.
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effect increased with time. The I–V curves obtained by averaging
current amplitude at each potential allow direct comparison of
the current density in sensory cells transfected with either the
antisense ON or the scrambled ON (Fig. 4A). Typically, 2 d after
transfection, the decrease in HVA current was already 35%. In
sharp contrast, the LVA current density was unaffected. The lack
of effect of the anti-b antisense ON on the T-type current can be
assessed precisely by comparing the current density measured at
215 mV (where T-type current was recorded almost in isolation)
in cells transfected with the antisense ON and with the scrambled
ON. Similarly, the effect on the HVA current density can be
quantified by comparing the current density measured at peak of
the HVA current (after subtraction of the LVA component,
which in every cell can be extrapolated at this voltage from the
Boltzmann fit of the I–V curve). Such an analysis demonstrates
clearly that the antisense ON specifically affected the HVA cur-
rent density and that a maximal effect was reached between 3 and
4 d after transfection (Fig. 4B). The effect is statistically highly
significant (for example, p , 0.001 at day 4; Student’s t test);
however, the LVA current densities were identical in the two
groups of cells during the 6 d after transfection (Fig. 4B).

Because expression experiments have suggested that b subunits
could affect biophysical properties of Ca 21 channels, such as
voltage dependence and activation/inactivation kinetics, without
modifying Ca21 current amplitude, we compared current char-
acteristics in cells transfected with the anti-b antisense ON and
the scrambled ON. As expected, the HVA currents displayed a
significant shift of their voltage dependence toward more depo-
larized potentials. Three to four days after transfection, the

voltage for half activation was 16.8 6 1.3 mV (n 5 25) in
antisense ON transfected neurons and 8.9 6 1.3 mV (n 5 21; p ,
0.0001 Student’s t test) in control cells. The effect of the anti-b
antisense ON on the HVA current characteristics was not inves-
tigated further because of the various effects expected from a
composite HVA channel population; however, properties of the
T-type current were studied in greater detail 3–4 d after trans-
fection. When LVA currents recorded in anti-b antisense ON
transfected neurons and scrambled ON transfected neurons were
compared, neither the voltage-dependent activation (voltage for
half activation was 229.2 6 1.0 mV, n 5 25, and 229.3 6 1.6 mV,
n 5 20, respectively) nor the voltage-dependent inactivation
(voltage for half inactivation was 244.5 6 0.6 mV, n 5 7, and
244.6 6 1.2 mV, n 5 8, respectively) were different (Fig. 5A). In
addition, the activation/inactivation kinetics of the T-type current
were not modified by the antisense treatment. The rise time of
T-type current exponentially decreases according to the depolar-
izing potential in a similar way for the two cell populations (Fig.
5B). The decline has a mean e-fold change for 6.6 6 0.4 mV (n 5
14) in the anti-b antisense ON transfected neurons and 6.6 6 0.3
mV (n 5 17) in the scrambled ON transfected neurons. Similarly,
the inactivation time constant can be evaluated by fitting a single
exponential to the decay phase of the T-type current. The time
constants obtained also decrease exponentially with the depolar-
izing potentials and are not affected by antisense treatment. The
decline has a mean e-fold change for 9.1 6 0.5 mV (n 5 14) in the
anti-b antisense ON transfected neurons and 9.0 6 0.6 mV (n 5
17) in the scrambled ON transfected neurons. Finally, the deac-
tivation kinetics was estimated at 280 mV by fitting a double

Figure 2. Immunocytochemical characterization of the Ca 21 channel subunits present in large sensory neurons. Using a battery of polyclonal
antibodies, the presence of the various b1–4 (top row) and a1A, B, C, E (bottom row) subunits was examined at day 5 in culture. b2 and b3 subunits are the
main b subunits present in this cell type, which contains no b1 subunits. Note that there is only a low density of b4 subunits, which are further restricted
to small diameter cells, probably with no T-type current. All a1A, B, C, and E subunits are present in nodosus ganglion neurons. a1A is distributed equally
on the soma and all along the neurites. a1B , which seems predominant, has a punctate distribution along the neurites. Interestingly, b2 gives the same
punctate distribution as a1B. a1C is clearly restricted to the soma and main neurites. a1E is only weakly present and only in small neurons.
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exponential to the tail current evoked by a 20 msec depolarizing
step to 220 mV (Fig. 5C). Both time constants were not sensitive
to b suppression, with t1 5 2.6 6 0.4 msec, t2 5 17.8 6 1.6 msec
(n 5 10) in anti-b antisense ON transfected cells, and t1 5 2.0 6
0.2 msec, t2 5 16.2 6 1.9 msec (n 5 10) in control cells. The
complex deactivation kinetics is somewhat different from the
monoexponential deactivation process described by Armstrong
and Matteson (1985), which is in the range of tens of milliseconds
(our slower component). One should remember, however, that in
addition to the dominant voltage-dependent inactivation, we have

already identified a small Ca-dependent component in the inac-
tivation process of T-channels in nodosus cells (Bossu and Feltz,
1986): any absorbing inactivated state of the channel could lead to
the more complex kinetics that we observed.

In conclusion, because blocking b synthesis in rat nodosus
ganglion neurons neither modifies the T-type current density nor
affects any other of its biophysical properties, we conclude that
this ancillary subunit does not contribute to the definition of the
T-type current characteristics in this cell type.

DISCUSSION
In the present study, a subtractive approach, based on an anti-
sense strategy, was used to determine whether T-type channels
and HVA channels possess similar auxiliary b subunits. The study
was performed on nodosus ganglion neurons, which express both
low and high voltage-activated currents. The modifications in
HVA current properties were used to attest the blockade of b
subunit synthesis in the recorded neurons. We show that suppres-
sion of the synthesis of b subunits present in cranial sensory
neurons (mainly b2 and b3) induced a marked decrease in the
HVA current amplitude and a change in its properties, as ex-
pected from previous results obtained in other cell types (Berrow
et al., 1995; Lambert et al., 1996). In contrast, in the same
neurons, depletion in b subunits does not modify in any way the
T-type current.

The absence of effect of the anti-b antisense ON on the T-type
current can be interpreted in different ways. First, it can be
hypothesized that the synthesis of the b subunit specific to the
T-type channel is not blocked by the anti-b antisense ON; how-
ever, in vitro transcription/translation experiments showed that
the common anti-b antisense ON is equally efficient in blocking
the transcription of each of the four cloned b subunit genes, which
strongly suggests that this ON acts similarly in situ. Although
unlikely, it could still be assumed that the putative T-type b
subunit has not already been cloned and is very different from the
four other b genes, even in the two strongly conserved domains.

Second, the cells may contain some residual b gene products,
attributable either to a large store of b proteins already synthe-
sized at the time of transfection, or to a partial blockade of this
protein synthesis. Consequently, any effect of the anti-b antisense
ON would be masked. In this case, however, no modification of
the HVA Ca21 currents should be observed. To explain that
T-type channels are less sensitive to partial depletion of the b
subunits than HVA channels, it would have to be assumed that
the LVA channels have a much higher affinity for b subunits than
the HVA channels do.

Another possible explanation is that the turnover of the puta-
tive b subunit constitutive of the T-type channels is lower than the
turnover of HVA Ca21 channels b subunits (at ;4 d) (see Fig.
4B) (Berrow et al., 1995; Lambert et al., 1996) and that at the
various times examined after transfection, the LVA channels still
possess their b subunits. The life span of nodosus ganglion neu-
rons in culture, and the possible intracellular degradation of the
ONs, did not allow us to test the effect of the antisense ON more
than 6 d after transfection; however, T-type current densities
remained almost constant throughout the culture period. Because
these neurons developed neurites and showed an increase in
mean capacitance, they must have synthesized new T-type chan-
nels during this period. These channels should have been devoid
of any b subunits after the antisense ON treatment and therefore
might have displayed modified activities.

The lack of effect of the antisense ON on T-type current

Figure 3. Synthesis of all b1–4 gene products is blocked by the selected
antisense ON. A, Mapping of the 26 mer antisense ON on the rat b
subtypes sequences. Star, Position of the sequence complementary to the
b antisense ON; empty boxes, domains highly conserved throughout all b
subtypes; gray boxes, domains conserved among single b subtypes; black
boxes, domain subject to alternative splicing and/or cross species diver-
gences. The diagram is to scale; gaps have been inserted to maintain the
alignment of conserved sequences. Numbers refer to nucleotide positions
in published cDNA sequences: b1b , GenBank nucleotide access number
X61394 (Pragnell et al., 1991); b2a , M80545 (Perez-Reyes et al., 1992);
b3a , M88751 (Castellano et al., 1993a); b4 , L02315 (Castellano et al.,
1993b). B, Alignment of the antisense ON sequence with the correspond-
ing rat b nucleotide sequences. Sequence mismatches are shown in boxes.
C, In vitro coupled transcription–translation of four different b subunit
plasmids (b1b , b2a , b3a , and b4 ) is blocked by the addition of antisense
ON (lane 3). Lanes 2 and 4 show that the translation of intact b subunits
is not affected by the addition of RNase H (lane 2) or RNase H with a
scrambled ON (lane 4, Control Oligo). Molecular weights for b1b , b2a
(68–72 kDa), and b3-b4 (58 kDa) are indicated on the lef t.
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properties does not rule out the possibility that the LVA channels
do possess a b subunit that does not modulate the activity of the
pore-forming subunit; however, the expression of all a1 channels
has always demonstrated a modulatory effect of this ancillary
subunit. Current amplitude stimulation by b subunits has been
observed for almost all a1 subunits (for review, see De Waard et
al.,1996). For example, in Xenopus laevis oocytes, coexpression of
b1b with a1A (De Waard et al., 1994), a1B (Stea et al., 1993), or
a1E (Wakamori et al., 1994) subunit induces a multiplication of
the peak current by 18, 4, or 3, respectively. In addition, coex-
pression of the different b subunits with the a1C (Wei et al., 1991;
Hullin et al., 1992; Perez-Reyes et al., 1992; Castellano et al.,
1993a,b) or a1A (Mori et al., 1991; De Waard et al., 1995) subunit
increases the current between 2- and 19-fold. It also seems that b
subunits systematically modify the biophysical properties of a1

subunits. In each case, the auxiliary subunit induces a shift in the
current I–V relationship toward more hyperpolarized potentials
(for review, see De Waard et al., 1996). This systematic effect
explains why for the composite HVA currents of nodosus gan-
glion neurons we observed a difference of ;8 mV between the
voltage for half activation of the composite currents, measured in
cells transfected with the scrambled ONs and the anti-b antisense
ON. Following this line of thought, the shift in the I–V relation-
ship observed in our study suggests that the remaining HVA
currents are attributable to channels devoid of b subunits. Con-
cerning inactivation, several studies show that b subunits also shift
the inactivation curve of the current toward more hyperpolarized
potentials. These auxiliary subunits systematically modify the
inactivation kinetics of the current, although with a variable
effect, according to the b and a1 subunits studied. In addition, in
several cases they also modify the activation kinetics of the
current (for review, see De Waard et al., 1996). Therefore, the
hypothesis that T-type channels have a b subunit that does not
modify their current properties would imply quite significant
structural differences between their pore-forming subunit and the
other a1 subunits. It would also mean that the pore-forming
subunit of T-type channels is not one of the classical a1 subunits
(S, A, B, C, D, or E).

Finally, to explain our results, we can postulate that b subunits
are not a constitutive subunit of the T-type channels in nodosus
ganglion neurons. This argues against the possibility that the
pore-forming subunit of the T-type channels has already been
cloned, because expression and in vitro experiments suggest that
every cloned a1 subunit binds a b subunit with concomitant

Figure 4. The generic anti-b antisense ON reduces the HVA current
amplitude, with no effect on the T-type current. A, Mean I–V curves
obtained 2 d (top) and 4 d (bottom) after transfection with the antisense
ON (continuous line and squares, day 2, n 5 9; day 4, n 5 14) and a
scrambled ON (dotted line and circles, day 2, n 5 10; day 4, n 5 11).

Currents were evoked by 200 msec step depolarizations from a hold-
ing potential of 280 mV. Note that the current density of the T-type
current remains constant in contrast to the reduction in density of the
HVA current. B, Change of the T-type and HVA current density with time
after transfection. Paired bars a and b refer to HVA and LVA mean current
densities, respectively. Data obtained from antisense ON transfected neu-
rons are averaged in black bars. Data obtained from scrambled ON trans-
fected neurons are averaged in white bars. Numbers of cells are indicated
inside each bar. Note that the current density of the T-type channels
remains constant and that the HVA current is reduced in cells treated
with an antisense ON as compared with cells treated with a scrambled ON.
C, Curve representing the change with time after transfection of the
normalized effect of the antisense ON on the LVA (square) and the HVA
(circle) current densities. Mean % values were obtained by expressing for
each experiment the current density of the anti-b antisense ON transfected
cells as a percentage of the average current density of scrambled ON
transfected cells from the same culture and recorded on the same day.
This normalization eliminates differences introduced by culture-to-culture
and transfection-to-transfection variabilities and by developmental modifi-
cation of current density. Numbers of cells are indicated in brackets.
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modifications of the current properties. The only a1 gene coding
for Ca 21 channels with properties reasonably close to those of
the T-type currents known so far is the a1E channel (Soong et al.,
1993; Bourinet et al., 1996). Interestingly, in some cases, b sub-
unit association to a1E was without effect on current amplitude
(Soong et al., 1993); however, b subunits were still able to shift
activation and inactivation voltage dependence. If no b subunit
participates in the definition of the LVA current properties, as is
the case in nodosus ganglion neurons, the a1E subunit per se
should account for the observed properties of this current. There
are some irreconcilable differences, mainly in the inactivation and
deactivation kinetics, which are both much slower for the T-type
current than for an expressed a1E current, and in the elementary
conductance of the channels (Ellinor et al., 1993; Soong et al.,
1993; Zhang et al., 1993; Schneider et al., 1994; Williams et al.,
1994; Bourinet et al., 1996). As such, it is noteworthy that a1E

subunits are demonstrated in the present study in nodosus gan-
glion neurons, which probably do not express a T-type current. In
other cell types, however, a number of LVA currents have been
described with variable properties (Huguenard, 1996). T-type
currents vary by up to 10-fold in their recovery time in steady-
state inactivation and by up to 20 mV in their activation and
inactivation ranges, and their sensitivity to Ni 21 varies with IC50

values from 40 up to 770 mM. Therefore, it is possible that T-type
currents are attributable to distinct channels in different cell
types, some of which may result from an a1Eb combination.

In conclusion, our results show that in nodosus ganglion neu-
rons a classical b subunit is not necessary to maintain the function
of T-type channels. This hypothesis is consistent with the recent
observation that a knock-out of the b1 subunit normally present
in skeletal muscle leaves the T-type current recorded in this cell
type intact (Strube et al., 1996). The results also strongly indicate
that if there are any b subunits associated with T-type channels,
and this is questionable, their interaction must be fundamentally
different from other types of Ca21 channels.
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